reasoned that PRMT1 might exert control over STAT1 function by utilizing Arg-31 of STAT1 as a target for of STAT1 and PRMT1. Extracts from untreated or IFN␣-treated HeLa cells were subject to immunoprecipitation methylation.
To test this hypothesis, we used a GST fusion protein with either anti-PRMT1, anti-PRMT3, or rabbit preimmune serum, and resolved immunoprecipitates were encompassing the first 129 aa of STAT1 for in vitro methylation assays using recombinant PRMT1 lanes 1 and 2) . In contrast, STAT1 was not detectable in immunoprecipitates obtained with 1-3), whereas the related PRMT3 (Tang et al., 1998) yielded only a significantly lower methylation of STAT1 PRMT3 serum (lanes 3 and 4) or with preimmune serum (data not shown). Thus, the selectivity of the in vivo (bottom panel, lanes 1-3). To prove that Arg-31 was indeed the target for methylation by PRMT1, we introassociation apparently confirms the specificity observed in the in vitro STAT1 arginine methylation assays. duced an Arg-31 to Ala mutation in the STAT1(NH2)-GST fusion protein to be used in the in vitro methylation assay. As anticipated, the elimination of Arg-31 resulted STAT1 Is Methylated on Arg-31 In Vivo Our data clearly established STAT1 as an in vitro subin the complete loss of the methylation of the fusion protein by either PRMT1 or PRMT3 (middle and bottom strate for arginine methylation by PRMT1. In order to demonstrate that STAT1 is indeed arginine methylated panel, lanes 4 and 5). It is important to note that the STAT1 (NH2/R→A) mutant still contains seven other arin vivo, we subjected cell lysates derived from untreated or IFN␣-treated cells to immunoprecipitation using ginine residues. In addition, numerous arginines can be found in the GST portion of the fusion protein. Figure 2A, lane 3) . To demonstrate the specificity of the antibodies, we performed the immunoprecipitation with the DMA antibodies also in the presence of either unmethylated or in vitro methylated STAT1(NH2)-GST. As shown in Figure 2B , only the methylated form of STAT1(NH2)-GST (lane 2) was able to compete with STAT1 for binding to the DMA antibody, even though a substantially larger amount of the unmethylated protein was added to the lysates (lane 1, lower panel). In order to determine whether the methylated form of STAT1 would preferentially localize to the nucleus, we generated cytoplasmic and nuclear extracts from untreated or IFN␣-stimulated 2fTGH cells. Analysis of the amount of STAT1 immunoprecipitated with the DMA antibodies revealed that approximately 60%-70% of the methylated STAT1 can be found in the nucleus after IFN␣ stimulation ( Figure 2C , compare lanes 2 and 4). Strikingly, only approximately 5%-10% of the total STAT1 protein can be found in the nuclear extracts of IFN␣Ϫtreated cells (lanes 5 and 6). Thus, the stoichiometry of methylation is significantly higher in the nuclear pool of tyrosine-phosphorylated STAT1 when compared to the cytoplasmic fraction. We next wanted to test whether tyrosine phosphorylation of STAT1 was a prerequisite for its arginine methylation. 293T cells were transiently transfected with HA-tagged forms of either wild-type STAT1, STAT1 harboring a nonfunctional SH2 domain, or carrying a mutation in the site of tyrosine phosphorylation. Probing of the DMA immunoprecipitates with anti-HA antibodies illustrated that tyrosine Figure  5D, lanes 2 and 3) , a dramatic increase in PIAS1 binding
To further assure that the observed differences in the in vitro methylation reactions were not due to a potential to STAT1 was observed when MTA was present during the stimulation (lanes 4 and 5) . No PIAS1 protein was defect in the activity of endogenous PRMT1, we repeated the experiments with recombinant PRMT1. The detected when preimmune serum was used for immunoprecipitation (data not shown). Increased PIAS1 associaddition of increasing amounts of A549-MTAP(ϩ/ϩ) lysate had no detectable effect on STAT1(NH2)-GST ation was not due to upregulation of PIAS1 protein (data not shown). This result suggests that inhibition of STAT1 methylation ( Figure 6C, lanes 2, 4, and 6 ). In contrast, the presence of an increasing amount of lysates derived arginine methylation by MTA facilitates an interaction with the STAT1 inhibitor PIAS1. useful as a prognostic marker for interferon therapy.
Proliferation Assays Experimental Procedures
A549-and A549-MTAP reconstituted cells were seeded at 100 cells/ well with indicated amounts of IFN␣ or IFN␤ or left untreated for Cell Culture three days before analysis with a Non-radioactive Cell Proliferation Primary human fibroblasts, HeLa, HEK293, and A549 cells were Assay (Promega). Assays were performed according to manufacturmaintained in DMEM, and U266 cells were cultured in RPMI1640.
er's instructions. All media was supplemented with penicillin and streptomycin, and 10% fetal bovine serum (10% horse serum for A549 cells).
Immunofluorescence Cells were seeded onto coverslips and incubated overnight at 37ЊC Interferons and Reagents in DMEM containing 10% FBS. After treatment, coverslips were IFN␣ and IFN␤ were generous gifts from Hoffman LaRoche and rinsed with PBS followed by one wash with PIPES buffer. Cells were Biogen Inc., respectively. 3 H-S-Adenosyl-methionine was obtained fixed in methanol at room temperature and nuclei permeabilized from ICN Pharmaceuticals. 5Ј-methyl-thioadenosine (MTA) was purwith 0.5% Nonidet P-40/PB. Coverslips were washed three times chased from Sigma and dissolved in culture medium.
with PBS, blocked with 10% goat serum, and incubated with anti-STAT1 antibodies (Transduction Laboratory). Cells were rinsed four Plasmids times with PBS prior to incubation with Cy3-conjugated secondary GST-STAT1 and GST-STAT1(R31A) have been described previously.
antibody. After washing, coverslips were mounted onto glass slides GST-STAT1(R31E) was generated by site-directed mutagenesis usin 50% glycerol/PBS. ing QuickChange (Stratagene). Plasmids encoding GST fusion proteins of STAT1 amino acids 1-129, and the same region with the RNase Protection Assays Arg-31→Ala mutant, were generated by excision of a BamHI/SspI Total RNA was isolated using TRIzol Reagent.
32
P-labeled ribofragment from pEBG GST-STAT1 and pEBG GST-STAT1 (Arg →Ala), probes were generated by in vitro transcription using T3, T7, or SP6 respectively, and ligation into the BamHI/SmaI sites of pGEX-KG RNA polymerase (Promega). Labeled riboprobe and 10 g of RNA (Pharmacia), which had been modified to accept the BamHI/SmaI were incubated in hybridization buffer (4:1 formamide and 5ϫ stock; insert. GST-PRMT1 and GST-PRMT3 were previously described (Lin 5ϫ stock was 200 mM PIPES, pH 6.4, 2 M NaCl, 5 mM EDTA) et al., 1996). overnight at 56ЊC prior to digestion with T1 RNase. Protected fragments were separated by electrophoresis on a 4.5% polyacrylamide/ urea gel. 
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